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Received 3 September 2010; revised 4 July 2011; accepted 8 August 2011AbstractA large earthquake (Mw 8.1) that occurred off the North Coast of the Antarctic continent near the Balleny Islands on 25 March
1998 was the largest intra-plate earthquake ever recorded in the Antarctic Plate. The earthquake hypocenter catalog for this area
shows a marked change in seismicity following the main shock in a large area around the Balleny aftershock region. However, the
earthquake catalog includes many aftershocks and is affected by a variable detection rate. To overcome these limitations, we
applied statistical models and methods, including GutenbergeRichter’s magnitude frequency distribution, the Epidemic-Type
Aftershock Sequences (ETAS) model, and the spaceetime ETAS model, thereby enabling calculation of the change in detec-
tion rate. The results show a change in the spatial pattern of background seismicity over a large region after the 1998 event.
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The Antarctic continent and surrounding ocean were
once believed to be one of the most aseismic regions
on Earth (e.g., Kaminuma, 2000; Reading, 2002).
However, the occurrence of large earthquakes around
the Indian Ocean sector of the Antarctic Plate in recent
years indicates the dynamic nature of the oceanic lith-
osphere of the surrounding region, encompassing the
Indian, Pacific, and Antarctic plates. The seismicity of
the crust and uppermost mantle in the Antarctic Plate
and at plate boundaries represents the ongoing* Corresponding author.
E-mail address: himeno.tetsuto@nipr.ac.jp (T. Himeno).
1873-9652/$ - see front matter  2011 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2011.08.002accumulation of Coulomb stress in the lithosphere. This
study evaluates the nature of spatial and temporal vari-
ations in seismicity around the Antarctic Plate, using the
earthquake hypocenter catalog compiled by global
seismological centers since 1964.
A large earthquake occurred off theNorthCoast of the
Antarctic continent near Balleny Islands on 25 March
1998 (62.88S, 149.71E). The source parameters
obtained by teleseismic body-wave inversion (Tsuboi
et al., 2000) are as follows: centroid depth ¼ 20 km,
(strike, dip, rake) ¼ (282, 83, 1), seismic moment
Mo ¼ 1.6  1021 Nm (Mw ¼ 8.1), length L ¼ 200 km,
and average slipDave¼ 4.4m. TheBalleny event was the
largest intra-plate earthquake ever recorded in the
Antarctic Plate. Furthermore, the source mechanismwasreserved.
422 T. Himeno et al. / Polar Science 5 (2011) 421e431not involved in the plate motion inferred from nearby
transform faults. Therefore, this earthquake was not
a typical tectonic event. Previous studies reported that
sub-events were aligned along the nodal plane, trending
eastewest, indicating that themain shock occurred along
an eastewest-trending, left-lateral, strike-slip fault (e.g.,
Nettles et al., 1999; Wiens et al., 1998).
Kanao et al. (2006) investigated temporal variations
in seismicity within the wide area of the Antarctic
PlateeIndian Ocean sectors, including the Balleny
earthquake region, using hypocenters from global data
centers. Their analysis revealed a marked change in
seismicity in the Balleny area, coincident with the
main shock. However, the change in seismicity has yet
to be quantified. Because the earthquake hypocenter
catalogs offered by global data centers include after-
shocks and have a variable detection rate, it is difficult
to characterize the change in seismicity by simply
compiling a list of events from the catalog and
mapping their distribution. Therefore, in this paper, we
remove the influences of aftershocks and variable
detection rates using statistical approaches, enabling
a detailed examination of the change in seismicity
coincident with the Balleny earthquake.
The remainder of the manuscript is organized as
follows. In Section 2, we examine temporal variations
of the b-values of magnitude frequency and the
detection rate of earthquakes around the hypocenter of
the Balleny earthquake. In Section 3, to assess whether
the seismicity around the Balleny earthquake region
has changed since the 1998 event, we compare two
models: one that assumes no change in seismicity, and
one that assumes the Balleny earthquake caused
a change in seismicity, as assessed using the Epidemic-
Type Aftershock Sequences (ETAS) model and the
Akaike Information Criterion (AIC) (Akaike, 1974). In
addition, we consider a change point problem to
examine whether other change points exist. In Section
4, we examine the change in the spatial distribution of
seismicity that occurred in 1998, over a larger region
using the spaceetime ETAS model. Finally, by
compiling these various methods we identify changes
in the detection rate and background seismicity. Our
detailed statistical analysis of seismicity around the
Antarctic Plate yields information on the transportation
process of far-field forces associated with the occur-
rence of various scales of earthquake events.
2. Data and analysis of magnitude frequency
We evaluate spatial and temporal variations in
seismicity over a wide area (120e180E, 50e80S)around the Balleny Islands, which is a series of unin-
habited islands in the Southern Ocean, extending from
162.30E to 165.00E and 66.15S to 67.35S, based
largely on the data compiled by the International
Seismological Center (ISC) for the period from
January 1980 through December 2007.
For the magnitude frequency, we assume the
GutenbergeRichter law (Gutenberg and Richter, 1944)
as follows:
log nðMÞ ¼ a bM;
where a and b are constants, and n(M) is the number of
earthquakes of magnitude greater than M. This rela-
tionship statistically suggests the following exponential
distribution:
ProbðMagnitude>MÞ ¼ exp ðbMÞ:
The coefficient b is related to b as follows: b ¼ b ln
10.
We assume that the probability function which
expresses the detection rate for magnitude M is the
cumulative of a normal distribution:
erffMjm;sg ¼
ZM
N
1ﬃﬃﬃﬃﬃﬃ
2p
p
s
eðxmÞ
2=2s2dx:
Then, the observed magnitude frequency is given by
exp ðbMÞerffMjm;sgZþN
N
exp ðbMÞerffMjm;sgdM
¼ exp ðbMÞerffMjm;sg
exp
 bmþ b2s2=2b:
The shape of this function resembles a histogram of
the magnitude frequency of all detected earthquakes in
a given area for a given period.
Given an observed set of magnitudes fM1;/;Mng,
we obtain the log-likelihood function by
ln LðqÞ ¼ nln b
Xn
i¼1
½bMi þ ln erffMijm;sg þ nbm
 n
2
b2s2:
Because we want to examine temporal variations in
the detection rate, we consider the parameters b(t),
m(t), and s(t) to be dependent on time. Then, the log-
likelihood function is
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Xn
i¼1

lnbðtiÞ  bðtiÞMi þ lnerffMijmðtiÞ;
sðtiÞg þ bðtiÞmðtiÞ  1
2
bðtiÞ2sðtiÞ2

;
where fðt1;M1Þ;/; ðtn;MnÞg is a set of occurrence
times and magnitudes of earthquakes. To estimate b(t),
m(t), and s(t), we apply the cubic B-spline functions
with equispaced knots on time, as follows:
41ðtÞ ¼ ln bðt;q1Þ ¼
XK
k¼1
akFkðtÞ;
42ðtÞ ¼ mðt;q2Þ ¼
XK
k¼1
bkFkðtÞ;
43ðtÞ ¼ ln sðt;q3Þ ¼
XK
k¼1
ckFkðtÞ;
where
q ¼ ðq1; q2; q3Þ ¼ ða1;/; aK; b1;/; bK; c1;/; cKÞ is
the parameter vector and fFkg are the cubic B-spline
bases. Then, we define the roughness penalty as
Fðqjw1;/;w6Þ ¼
X3
j¼1
ZT
0
w2j1

d4j
dt
	2
þw2j
 
d24j
dt2
!2
dt:Fig. 1. Locations of earthquake hypocenters around the Balleny earthquake
dark gray circles indicate earthquakes with depths of <33 km, 33e70 km, a
earthquake and the oval denotes the aftershock area according to the magni
rectangle (144e156E, 60e65S) are considered in Sections 2 and 3; data
Section 4.The penalized log-likelihood function is then given by
Qðqjw1;/;w6Þ ¼ ln LðqÞ Fðqjw1;/;w6Þ
If the given hyper-parametersw ¼ ðw1;/;w6Þ are
fixed, we obtain the coefficient estimates q^ by maxi-
mizing the penalized log-likelihood function. To obtain
the optimal hyper-parameter values, we consider the
approximated Akaike’s Baysian Information Criterion
(ABIC; Akaike, 1980), as follows:
ABICz 2Qðq^jwÞ  log detðþÞv
2FðqjwÞ
vqTvq
þlog det

 v
2QðqjwÞ
vqTvq
	
 3log 2pþ 2 6;
where det(þ)A denotes the product of the non-zero
eigenvalues of A. We determine the number of B-
spline bases and hyper-parameters by minimizing the
approximated ABIC (Ogata and Katsura, 1993).
We apply this method to two periods, from 1 January
1980 to 24 March 1998 and from 25 March 1998 to 31
December 2007 in the region 144e156E, 60e65S
(see Fig. 1). Fig. 2 shows the estimations of b(t), m(t),
s(t), and m(t)þ1.64s(t), where m(t)þ1.64s(t) denotes
the magnitude of the 95% detection rate, the number of
knots is 3, and w ¼ (7.66  104, 4.38, 1.39  103, 5.08,
1.96 107, 6.75) before 25March 1998, and the number
of knots is 10 and w ¼ (1.87  104, 3.58  10,
2.07 104, 8.93 109, 2.23 104, 5.46 10) after 25region from January 1980 to December 2007. White, light gray, and
nd >70 km, respectively. The ‘X’ denotes the epicenter of the Balleny
tude-dependent scale proposed by Utsu (1961). Data from the smaller
from the larger rectangle (120e180E, 50e80S) are considered in
Fig. 2. Estimated functions of b(t), m(t), s(t), and m(t)þ1.64s(t), and
a plot of magnitude versus time for the region 144e156E,
60e65S (see Section 2 for details). b(t), m(t), s(t), and m(t)þ
1.64s(t) denote the b-value, the magnitude of the 50% detection rate,
the standard deviation for the detection function, and the magnitude
of the 95% detection rate, respectively. The vertical dashed line
denotes 25 March 1998.
424 T. Himeno et al. / Polar Science 5 (2011) 421e431March 1998. The parameters b(t), m(t), and s(t) change
drastically at the 25 March 1998 event. For m(t), it
appears that the detection rate shows an increase shortly
before the Balleny earthquake, although it is difficult to
identify the cause of this increase. One possible reason is
that the Comprehensive Nuclear-Test-Ban Treaty
(CTBT) was adopted by the United Nations General
Assembly on 10 September 1996. The monitoring
network of the Comprehensive Test Ban Treaty Orga-
nization (CTBTO)may have been installed at around this
time. This network may affect the detection rate and
accuracy of magnitudes. Thus, a change point may have
occurred before the Balleny earthquake, as discussed in
Section 3.The detection rates of earthquakes with a given
magnitude are fixed before and after the main shock in
1998, respectively, except just before the main shock.
This result indicates that the detection rate of earth-
quakes with a magnitude of w5.0 is only 50%.
However, because few of the earthquakes have
a magnitude of 5.0 or larger, we are tempted to set
a lower cut-off magnitude. Although the completeness
of recordings is unsatisfactory at magnitudes below
M5.9 in the earlier period (before the earthquake), the
detection rates are almost homogeneous for the periods
before and after the 1998 event. In detail, the detection
rates of M  4.5 events, calculated byZþN
4:5
exp ðbMÞerffMjm;sgdM=
ZþN
4:5
exp ðbMÞdM
¼ b
ZþN
4:5
exp ðbMÞerffMjm;sgdM=exp ð4:5bÞ
are about 38% and 99% throughout the periods before
and after the main shock, respectively. Therefore, we
tentatively use earthquakes withmagnitudes 4.5 or larger
for the ETAS model (see Section 3). Accordingly, it is
necessary to recognize the meaning that the parameter
values of the ETASmodel (except for the p-value) during
the former period are different and biased from those
during the latter period. To confirm the distribution of
earthquakes with M  4.5, Fig. 3 shows the relation
between epicenter locations and the timing of earth-
quakes with M  4.5. It is interesting that the seismic
shadow extends northeast of the hypocenter of the Bal-
leny earthquake, both before and after the main shock.
We know that the detection rate of aftershocks is
low soon after the main shock, but this is not apparent
in Fig. 2 because of the linear time scale of smoothing.
To overcome this limitation, Fig. 4 shows the magni-
tude versus the logarithm of the time lag between the
main shock and aftershocks. Fig. 4 also shows esti-
mates of b(t), m(t), s(t), and m(t)þ1.64s(t); the number
of knots is 4 and w ¼ (2.62  102, 7.51  102,
3.62  103, 8.30  102, 3.21  102, 9.18  102)
under the restriction that there exists no subinterval
without data. The result shows that the detection rate
was low at several hours after the main shock.
3. Epidemic-type aftershock sequences model
The Epidemic-Type Aftershock Sequences (ETAS)
model is a statistical tool for analyzing the occurrence
times of earthquakes relative to magnitude, and has
Fig. 3. Distribution of epicenters (top left panel) and times of earthquakes with M  4.5 relative to latitude (top right) and to longitude (bottom
left).
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in many regions (Ogata, 1988). The model stochasti-
cally classifies earthquakes into aftershocks and
background events. The background events are
obtained by stochastically removing clustered events or
aftershocks (Zhuang et al., 2002).
The decrease in aftershock frequency with regard to
elapsed time since the main shock is described by an
empirical relation known as the modified Omori
formula (Utsu, 1961):
nðtÞ ¼ Kðtþ cÞp;
where n(t) denotes the frequency of aftershocks in a unit
time interval at time t from the origin time of the main
shock, and K, c, and p are parameters. K is proportional
to the total number of earthquakes when c and p are
fixed. c adjusts complicated aspect just after main
shock. p is the decay rate of aftershocks.
The relation between a given magnitude and the
area of aftershocks is described by the empirical
formula proposed by Utsu and Seki (1955). This
relation implies that the number of aftershocks N with
a magnitude above the cut-off magnitudeMc for a fixed
time span is estimated as
NfeaðMMcÞ;where M is the magnitude of the main shock and a is
a constant that measures the efficiency of the magnitude
of an earthquake in generating its offspring, or after-
shocks in a wider sense. Based on these empirical
relations, the ETAS model is described as follows in
terms of the conditional intensity function that defines
the occurrence rate of earthquakes at time t:
lqðtjHtÞ ¼ mþ
X
tj<t
eaðMjMcÞ K
t tj þ c
p;
where Ht ¼ {(tj,Mj); tj < t} is the history of occurrence
times and magnitudes, q ¼ (m, K, c, a, p) are parame-
ters, and Mc is the cut-off magnitude. The first term, m,
represents the occurrence rate of background seismic
activity and the second term represents time-varying
rates of superposed aftershock activities.
We use the maximum likelihood method to estimate
the values of the parameters of the ETAS model. The
log-likelihood of this model is given by
ln Lðq;S;TÞ ¼
XN
i¼1
ln lqðtijHtiÞ 
ZT
S
lqðtjHtÞdt;
where “ln” is the natural logarithm and {ti; i ¼ 1, 2,.,
N} are the occurrence times of earthquakes in an
observed time interval [S0,T] ðS0  SÞ. Then, the
Fig. 4. Estimated functions of b(t), m(t), s(t) and m(t)þ1.64s(t), and
a plot of aftershock magnitudes versus time (log scale) for the 24 h
after the main shock of the Balleny earthquake in the region
144e156E, 60e65S. b(t), m(t), s(t), and m(t)þ1.64s(t) denote
the b-value, the magnitude of the 50% detection rate, the standard
deviation for the detection function, and the magnitude of the 95%
detection rate, respectively.
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mizing the log-likelihood function of the parameters q.
We use the quasi-Newton method, such as the Broy-
deneFletchereGoldfarbeShanno (BFGS) methodTable 1
Estimated values of parameters (m, K, c, a, p) of the conditional intensity
Section 3 for each time period.
m K
1/1/1980e31/12/2007 7.84  103 9.79  104
1/1/1980e24/3/1998 8.41  103 5.78  105
25/3/1998e31/12/2007 9.60  103 1.68  103(Broyden, 1970; Fletcher, 1970; Goldfarb, 1970;
Shanno, 1970), for maximization with a fast calcula-
tion algorithm of the log-likelihood for the ETASmodel
(Ogata et al., 1993).
To examine the change at 25 March 1998, we use
the AIC,
AIC¼ ð2Þ  ðmax log likelihoodÞ þ 2
 ðnumber of parametersÞ:
The AIC is a criterion employed to identify the most
suitable model among several candidate models (a
smaller AIC indicates a better fit). Thus, we compare
the AICs of the model with no change point (model A)
and the model with a change point (model B) for the
data around the Balleny earthquake region
(144e156E, 60e65S) (see Fig. 1). Let T1 be 1
January 1980, T2 be 25 March 1998, and T3 be 31
December 2007. The AIC of model A is given by
AIC1 ¼ ð2Þmax
q
ln Lðq;T1;T3Þ þ 2 5;
and the AIC of model B is given by
AIC2¼ð2Þmax
q
lnLðq;T1;T2Þþð2Þmax
q
lnLðq;T2;T3Þ
þ210:
Table 1 lists the respective estimated parameters and
Fig. 5 shows the cumulative number of earthquakes
against time in the region 144e156E, 60e65S
(step functions) together with the expected cumulative
number obtained from the ETAS model (curves). For
these models, AIC1 ¼ 1100.84 and AIC2 ¼ 1090.74,
which indicates that model B is a better fit than model
A. The parameters of the ETAS model for the period
before the Balleny earthquake take different values to
those for the period after the earthquake, except for the
p-value. The parameters K and a take very small
values, but p is very large, possibly because the
threshold magnitude was not low enough for
completeness in the earlier period. However, this result
may indicate that the occurrences are close to the
stationary Poisson process, which means that the
earthquakes are part of the background activity.function lqðtjHtÞ ¼ mþ
P
tj<t
eaðMjMcÞK=ðt  tj þ cÞp that is defined in
c a p
8.49  104 2.51 0.99
1.58  103 2.56  109 2.11
1.33  102 2.43 1.11
Fig. 5. Cumulative number of earthquakes (step function) and expected cumulative curve according to the ETAS model for the region
144e156E, 60e65S for the period from January 1980 through December 2007 (left-hand panel), and for the period from January 1980
through December 2007 with a change point at 25 March 1998 (right-hand panel).
427T. Himeno et al. / Polar Science 5 (2011) 421e431Indeed, we have m^  T ¼ 0.00841 (events/day)  6658
(days) ¼ 56.0 events estimated for the number of the
background events, which is about 93% of the earth-
quakes that occurred during the period.
We also searched for the occurrence of additional
change points by transforming time {ti} as {ti} where
ti ¼
R ti
0 lqðsjHsÞds=
R T
0 lqðsjHsÞds. Then, {ti} are
distributed according to the stationary Poisson process
on [0, 1], but the parameter q is unknown; conse-
quently, we use the maximum likelihood estimator q^.
Then, {ti} are approximately distributed according to
the stationary Poisson process. In this case, the likeli-
hood ratio statistic of the change point problem is
given by
2
max
i¼ 1;/N


max

ði 1Þlog i 1
ti
þ ðN iþ 1Þ
log
N iþ 1
1 ti ; i log
i
ti
þ ðN iÞ
log
N i
1 ti

 2Nlog N:
We calculate the 95th percentile, under the null
hypothesis that there is no change point, by generating
uniformly distributed N points ð~tiÞi¼1;/;N on [0, 1] for
10,000 times, where ~t1 < ~t2 </ < ~tN:. Fig. 6 shows
the cumulative number of earthquakes against the
transformed time and a plot of the likelihood rate
against the transformed time, before and after 25
March 1998. The total number of earthquakes is 60
before 25 March 1998 and 95 after this date; the 95th
percentile of this distribution is 10.4 and 10.6,
respectively. The maximum likelihood ratio statistics
of {ti} is 4.1 and 2.6 (except for both end points of thetime interval) before and after 25 March 1998,
respectively. This statistic becomes high just before the
Balleny earthquake, but does not exceed the threshold.
We cannot conclude that a change point occurs before
the Balleny earthquake, because of the small number
of earthquakes. Therefore, the only change point is that
which is coincident with the Balleny earthquake.
4. Spaceetime epidemic-type aftershock
sequences model
Using the spaceetime ETAS model, we objectively
examine the background seismicity that is separated
from aftershock activity of the Balleny earthquake. In
this model, the conditional intensity function for the
spaceetime occurrence rate is defined by
lqðt; x; yjHtÞ ¼ nmðx; yÞ
X
tj<t
K
t tj þ c
p
þ
2
664

x xj; y yj

Sj

x xj
y yj
	
exp

a

Mj Mc
 þ d
3
775
q
;
where Sj is a normalized positive definite symmetric
matrix for clusters of aftershocks, Ht ¼ {(tj, xj, yj, Mj);
tj < t} is the history of times of occurrence {tj} up to
time twith corresponding epicenters {(xj, yj)}, and {Mj}
is a sequence of magnitudes of earthquakes {j} with
magnitudes above the cut-off valueMc. Here, q ¼ (v, K,
c, a, p, d, q) are parameters, where v expresses the
strength of background seismicity in the whole region
and m(x,y) is the normalized spatial background
Fig. 6. The upper panels show the cumulative number of earthquakes with M  4.5 in the region 144e156E, 60e65S against transformed
time from January 1980 until December 2007. The dotted line indicates the predicted trend. The lower panels show the likelihood ratio (see
Section 3) plotted against transformed time. The left- and right-hand panels show data for the periods before and after 25 March 1998,
respectively. In the bottom panels, the values 10.4 and 10.6 are the 95th percentile of the likelihood ratio under the null hypothesis that there is no
change point.
428 T. Himeno et al. / Polar Science 5 (2011) 421e431seismicity such that !!m(x,y) dxdy¼ 1 (Ogata, 1998). In
this paper, we set Sj to the identity matrix for simplicity.
The data for estimating m(x,y) are not the entire data set
but only the main shocks identified by a modified
magnitude-based clustering (modified MBC; Ogata,
1998). Expanding the function ln {m(x,y)} by the bi-
cubic B-splines, its coefficients are estimated by
maximizing the penalized log-likelihood where we
assume the non-homogeneous Poisson field for the
likelihood and a penalty,
w1
Z Z (
vmðx; yÞ
vx
	2
þ

vmðx; yÞ
vy
	2)
dxdy
þw2
Z Z (
v2mðx; yÞ
vx2
	2
þ2

v2mðx; yÞ
vxvy
	
þ

v2mðx; yÞ
vy2
	)
dxdy:
To determine the optimal weights w1 and w2 for the
penalties, we interpret the penalized log-likelihood by
the empirical Bayesian procedure and minimize the
ABIC. MBC clustering is less suitable in this context
because all earthquakes in a spaceetime window of the
main shock are considered to be cluster members,regardless of the background seismicity and the lapse
time from the main shock. Therefore, we use the
stochastic declustering method after the parameters of
the spaceetime ETAS model have been derived using
the modified MBC. According to this method, the
probability of event j being a background event is as
follows (Zhuang et al., 2005):
nm

xj; yj

lq^

tj; xj; yj
Ht_
Using this stochastic declustering catalog, we again
calculate the estimators of the parameters of the
spaceetime ETAS model.
We divide the overall time period into three periods
(before 24 March 1998, the 500 days after the Balleny
earthquake, and after 1 September 1999) to compare
the normalized spatial background seismicity in the
target region (120e180E, 50e80S) (see Fig. 7).
Fig. 8 shows the distribution of spatial background
seismicity vm(x,y) and Table 2 lists the other estimated
parameters of the spaceetime ETAS model, where the
knots are 9  9 and (w1, w2) ¼ (0.8, 0.8). The
asymptotic standard deviations of v are 4.05  104,
Fig. 7. Epicenter distribution in the region of the Balleny Earthquake for the period before the main shock (upper left), the 500 days after the main
shock (upper right), and the period more than 500 days after the main shock (lower left). The rectangle represents the area evaluated for seismicity
in the present study. ‘X’ in the upper right panel denotes the epicenter of the main shock.
429T. Himeno et al. / Polar Science 5 (2011) 421e4313.50  103, and 4.34  104 in the first, second, and
third periods, respectively. The upper right panel in
Fig. 8 shows that the background seismicity becomes
large over a wide area near the hypocenter of theFig. 8. Background seismicity vm(x,y) that is defined in Section 4 for the pe
earthquake (upper right), and the period more than 500 days after the earthq
which expresses the level of background seismicity in the region. The ‘X’Balleny earthquake. There is little difference in back-
ground seismicity between the upper left and lower left
panels in Fig. 8; however, we should note that during
the period after the Balleny earthquake, earthquakesriod before the Balleny earthquake (upper left), the 500 days after the
uake (lower left). The color level corresponds to the value of vm(x,y),
denotes the hypocenter of the Balleny earthquake.
Table 2
Estimated values of parameters (v, K, c, a, p, d, q) of the conditional intensity function lqðt; x; yjHtÞ ¼ nmðx; yÞ þ
P
tj<t
K=ðt  tj þ cÞp
½ðx  xj; y yjÞ

x  xj
y yj
	
=expðaðMj McÞÞ þ dq; that is defined in Section 3 for each time period.
v K c a p d q
1/1/1980e24/3/1998 2.39  102 5.37  104 1.66  105 0.79 0.84 0.10 2.08
25/3/1998e31/8/1999 4.99  102 6.36  104 1.64  102 1.48 1.24 4.01  102 1.67
1/9/1999e31/12/2007 3.20  102 1.62  102 7.30  1012 0.28 0.79 0.20 2.18
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hypocenter.
5. Discussion
The Antarctic region is characterized by low rates of
intra-plate seismicity (Kaminuma, 1994, 2000), and
there are no reports of significant earthquakes in the
past century around the Balleny region. In the present
study, the ETAS model indicates relatively low values
of background seismicity during the entire observation
period. Although the centroid of the Balleny earth-
quake is located along the extension of nearby trans-
form faults, the eastewest strike of the fault plane of
this earthquake does not coincide with the strike of the
transform faults. In addition, the northeastesouthwest
compressive stress in the hypocenter area is opposite to
the stress orientation of earthquakes that occur along
the transform faults.
In this area, it is difficult to perform conventional
analyses with a completely detected threshold magni-
tude, because of the small number of earthquakes. The
detection rate of earthquakes with a magnitude ofw5.0
is about 50% in the period before the Balleny earth-
quake. Similar rates may also apply to other regions
around Antarctica; therefore, care should be taken when
analyzing data collected before about 1998.
We confirmed that the catalog is homogeneous; i.e.,
the detection rate of earthquakes of a givenmagnitude is
fixed before and after the main shock in 1998, respec-
tively. Using the ETAS model and the spaceetime
ETAS model, we identified a change in background
seismicity coincident with the Balleny event. The
change may relate to a change in the detection rate,
although the clustering features estimated by the ETAS
model and the spatial forms estimated by the space-
etime ETAS model appear to be distinct from one
another. These findings warrant further investigation.
The present findings indicate that it is not plausible
to relate the fault mechanism of the Balleny earthquake
to the displacement upon nearby transform faults. Thismakes it difficult to interpret the source mechanism in
terms of plate tectonics. A number of mechanisms have
been suggested to explain similarly large events,
including thermal stress within young lithosphere, as
proposed for the unusual deformation related to the
Macquarie triple junction (e.g., Nettles et al., 1999;
Wiens et al., 1998).
Temporal variations in seismicity within the region
around the Balleny earthquake, as studied here by
investigating the b-values and using two statistical
models, indicate a change coincident with the main
shock in March 1998. Application of the spaceetime
ETAS model indicates that the change in background
seismicity occurred over a wide region immediately
after March 1998. The distribution of recent epicenters
in this area appears to extend inland of Wilks Land of
East Antarctica, followed by the excitation of local
events beneath the continental ice sheet. It is generally
understood, however, that most of the intra-plate
earthquakes in the oceanic area surrounding the
Antarctic Plate are not related to stress associated with
deglaciation. In contrast, several earthquakes located
off the Antarctic continent are thought to have been
caused by crustal deformation and crustal response
related to deglaciation (James and Ivins, 1998; Tsuboi
et al., 2000).
It is difficult to quantify the amount of postglacial
rebound in the Antarctic because most of the continent
remains covered by ice. Limited observational data are
available regarding crustal motion around Antarctica
associated with local seismic activity (e.g., Kaminuma
and Kanao, 1999; Kanao and Kaminuma, 2005).
However, we suggest that changes in the volume and
shape of the ice sheet affect the lithosphere via crustal
uplift, seismicity, and intra-plate deformation.
6. Concluding remarks
We performed statistical analyses of the b-value,
detection rate, the ETAS model and the spaceetime
ETAS model, and examined in detail the nature of
431T. Himeno et al. / Polar Science 5 (2011) 421e431changes in seismicity around the Balleny region. The
results indicate a change in the spatial and temporal
distribution of seismicity coincident with the main
shock of the Balleny earthquake in March 1998. The
ETAS model yields a background seismicity m of
0.00841 events per day for the period before the March
1998 Balleny earthquake and 0.00960 events per day
for the period after this date. Because the detection rate
also changes after the Balleny earthquake, we are
unable to assess whether the change in background
seismicity is statistically significant. Consequently, this
result requires further investigation.
The spaceetime ETAS model yields a high back-
ground seismicity vm(x,y) over a large region following
the Balleny earthquake, although the seismicity
decreased over time. We propose that the Balleny
earthquake was related to activation of the seismicity
over a large region just after this event. However, we
should note that during the period after the Balleny
earthquake, earthquakes with M  5.0 some occurred
southwest of the Balleny hypocenter.
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